The temperature dependence of electrical properties of single-component brines was extensively studied up to supercritical conditions. However, only very few data are available for multicomponent brines, representing natural geothermal fluid compositions. We present a new measuring cell, designed to investigate electrical resistivities of mixed salt solutions at conditions simulating supercritical hydrothermal reservoirs. The cell was tested at 23 MPa and 23 -380
Introduction
In the course of dwindling fossil fuels and the effort to mitigate the global warming, the production of alternative energies has become a key issue of scientific and economic interest. In areas of high heat flow the utilisation of geothermal resources has come to be established. More recently, modelling on the energy yield from geothermal reservoirs [1] indicates that the energy generating capacity can be enhanced from now 4 -10 MW per well by conventional geothermal exploitation (T < 300
• C) to 40 -50 MW from a supercritical well with a downhole temperature of 430 -550
• C [2, 3] . Around the world, several cases have been reported (e.g. Lardarello/ Italy, Nesjavellir/ Iceland, Kakonda/ Japan, The Geysers/ USA), where geothermal wells were drilled unexpectedly into fracture networks, which were connected to fluid saturated zones in supercritical state [4, 5] . So far, only the Iceland Deep Drilling Project (IDDP) is established to systematically explore supercritical reservoirs at Krafla and at Reykjanes Peninsula and to assess the economic feasibility of energy exploitation from very high enthalpy resources. However, further drilling projects in supercritical settings are planned in NE Japan and in the Taupo Volcanic Zone, New Zealand [3, 6, 7] .
Any utilisation of geological reservoirs needs detailed information of the underground from pore to regional scale. A common geophysical exploration method is electrical resistivity tomography (ERT). However, a realistic interpreta-tion of geophysical surface measurements in terms of material properties in depth requires the knowledge of both the physical properties of the geothermal fluid and of the rock interacting with the fluid at defined pressure and temperature conditions. Electrolytes have the tendency to associate at high temperature, which cause a removal of free charge carriers from the solution. This behaviour is intensified at supercritical conditions [8] . Thus, electric measurements provide a convenient means for determining the degree of association and precipitation of salt at supercritical conditions [9] and laboratory investigations at simulated in-situ conditions provide a link between the geophysical field data and the material properties in the subsurface.
The properties of aqueous fluids change dramatically above the critical point, which is for pure water defined by the critical temperature of 374.21
• C and the critical pressure of 22.12 MPa. Above the critical point the liquid -vapour phase boundary disappears and the physical properties of the single-phase fluid vary in response of changing the pressure and/ or temperature [10] [11] [12] [13] . In particular, at a constant temperature small changes in the pressure can result in densities, which vary continuously over a wide range from more gas-like to more liquid-like values. Additionally, even at liquid-like densities the viscosity remains low, which enhances the mass transfer and diffusion-controlled chemical reactions [14] and causes mineral as well as fluid alterations. There exists a broad experimental database on the electrical properties of supercritical solutions of different inorganic salts. The aqueous NaCl system was studied extensively by Quist and Marshall [8] from 400 -800
• C and pressures up to 400 MPa, and by Ho et al. [9] at temperatures from 100 -600
• C and pressures up to 300 MPa. Ucok [15] reported on resistivity measurements on aqueous solutions of NaCl, KCl, and CaCl 2 at different concentrations for the temperature range of 22 -400
• C at a fluid pressure of 31 MPa. Electrical conductance of aqueous solutions of K 2 SO 4 , KHSO 4 , H 2 SO 4 were measured up to 750
• C and 250 MPa [16] [17] [18] . Resistivity data on aqueous solutions of KCl, HCl, and KOH were reported for temperatures up to 1000
• C and 1.2 GPa [19] [20] [21] [22] [23] . All these studies revealed that the conductivity of fluids is generally controlled by a complex interrelationship of manifold physical parameters, comprising the concentration of ions in the solvent, interactions between the ions, their charge number, and pressure and temperature, which, in turn, affect the density, viscosity, and the dielectric constant of the fluid.
In contrast to numerous datasets available for single component salt solutions, there exist nearly no data for electrical properties of mixed brines, representing the composition of natural geothermal fluids. Also, the impact of fluid-rock interaction on the electrical properties of multicomponent fluids in a supercritical region is scarcely investigated. For a better understanding of fluid-driven processes in geological settings with a high heat flow within the current, EU-funded project IMAGE (Integrated Methods for Advanced Geothermal Exploration) we have developed two experimental set-ups to measure the temperature dependence of (1) the electrical resistivity of geothermal fluids and (2) the resistivity of potential reservoir rock samples saturated with the fluid. Here we present the new fluid resistivity measuring cell, the measuring procedure, and first results obtained from measurements at a synthetic fluid simulating the composition of Icelandic Krafla geothermal fluid. In an associated paper (part II) we introduce the measuring cell for high-temperature resistivity and permeability investigations of fluid saturated rock samples.
Experimental set-up and measuring procedure

Fluid measuring cell
The knowledge of the intrinsic electrical resistivity of the percolating (pore) fluid as function of temperature is a prerequisite for a reliable interpretation of electrical rock resistivity data. A tubular flow through apparatus ( Fig. 1 ) was constructed to study the electrical conductivity of fluids at sub-and supercritical conditions. We use a commercial stainless steel high pressure tube of 1 m length as pressure vessel. For applying the temperature the pressure pipe is placed in a tube furnace of 0.8 mm in length with a zone of constant temperature of approximately 0.2 mm, whereby temperatures are constant within ± 0.2
• C. For applications under highly corrosive experimental conditions the pressure pipe is equipped with a corundum ceramic liner having an inner diameter of 5 mm. To prevent cracking of the ceramic tube at high pressure, there is an annulus space between the inner diameter of the steel tube and the outer diameter of the ceramic tube. This gap is filled with distilled water which is less corrosive than the brine. The annulus is sealed at both cold ends with an O-ring. To produce pressure equilibrium between inside and outside of the ceramic tube, a medium separator, placed outside the furnace, transfers the pressure of the brine in the ceramic tube to the distilled water in the annulus. The separator consists of a second stainless steel high pressure tube with a low friction PTFE piston between the two fluids.
Two corundum capillaries (one twin-hole capillary and one four-hole capillary) with an outer diameter of 4.1 mm and a length of 600 mm each are inserted from both ends of the ceramic lined pressure tube and are positioned symmetrically with an interspace of 27 mm in the hot zone of the pipe. This 27 mm vacuity serves as conductivity measuring cell. Two pairs of current and potential electrodes (Pt wire) are led pressure tight through the corundum capillaries. The temperature in the measuring cell is controlled by a Pt/Pt-Rh-thermocouple that is additionally installed in the four-hole capillary. Pressure pipe and corundum liner are sealed into high-pressure T-fittings, while the corundum capillaries with electrodes pass through the fittings and are sealed into endcaps at the cold ends of the set-up. Fluid flow is provided by a HPLC pump at the up-stream side, which is capable to establish pressures up to 40 MPa against a pressure relief valve at the down-stream side. For subcritical conditions, when the brine is in liquid state, the pressure relief valve has demonstrated high reliability. However, after reaching 375
• C the pressure was subjected to considerable fluctuations. Thus, for measurements above the critical point a syringe pump, running in constant pressure mode, adjusted the fluid pressure. The measuring cell is fed with fluid via the annulus between liner and corundum capillaries. A low flow rate ensures an effective pre-heating of the fluid, providing constant temperatures in the measuring cell. At the down-stream side a cooling jacket is attached to the pressure pipe to cool down the fluid. Therefore, liquid water can be sampled directly at the relief valve for further analyses. Fluid samples exposed to supercritical temperatures were taken by draining the syringe pump.
Determination of electrical resistivity
Fluid resistivities are measured with a four-electrode resistivity measuring cell layout to eliminate polarisation effects at the electrodes, which cause contact resistance between current electrodes and fluid sample. This contact or transition resistance would result in significantly higher resistivities, if the potential would be measured over the current electrodes instead of two separate potential electrodes. Two of the platinum electrodes are used to apply an AC voltage with an amplitude of 500 mV at a constant frequency of 100 Hz. The voltage drop over the measuring cell is picked off at two additional potential electrodes. To prevent a possible leakage current over the annulus between electrodes and ceramic tube to the stainless steel tube, we use a guarded arrangement by putting the same potential to the measuring electrode and the stainless steel tube. Measurements with and without guard electrode revealed that resistivity values without guard electrode were constant 5 % lower than with guard. For guarded measurements the current flowing in the measuring cell, I f l , is determined from the voltage drop, U R , over a known resistance, R, connected in series with the fluid cell:
with I f l = I tot -I leak . During operation, the potentials across the fixed resistance and the measuring cell are continuously logged for increasing temperatures at a fluid pressure of 23 MPa and a constant fluid flow rate of 0.1 ml/min. We assume equilibrated conditions in the measuring cell, when constant voltages were logged for at least 5 hours. The fluid resistivity, ρ f l , is calculated from the measured voltage drop, U f l , and current flow, I f l , across the measuring cell taking into account the geometry of the electrode layout of the measuring cell.
The cell constant, c, is experimentally determined using distilled water, tap water, as well as 0.01 M and 0.1 M NaCl solutions at ambient conditions. No corrections were made for the temperature influence. Thus, the difference in the thermal expansion coefficient between ceramic and stainless steel leads to an underestimation of the resistivity by 3 % at 400
• C assuming a hot zone with 0.6 m in total length. These are maximum values and the error is of course lower at lower temperatures.
It was observed that the cell resistivity is constant for low fluid flow rates ranging between 0 and 0.3 ml/min. However, for higher flow rates cell resistivities deviate considerably. Hence, during resistivity measurements a flow rate of 0.1 ml/min has been applied and kept constant for several hours. For supercritical conditions the flow rate has been varied from 0.05 -0.3 ml/min to study the influence of residence time of the fluid on the resistivity. The fluid exposed to different temperatures is released and collected at the outlet valve. After it is cooled down to room temperature (23
• C) its salinity is controlled with a commercial fluid conductivity sensor as an indicator for any input or removal of free charge carriers.
Fluid sample
Primarily, we measure temperature dependent fluid resistivities to calibrate electrical resistivity measurements planned at rock samples from different geothermal reservoirs (see part II of this paper). The rock sample studied so far is a quartz-gabbro from Iceland, representing the Krafla hydrothermal reservoir. For this reason, for a start we have tested a synthetic brine of Krafla composition (15 mM/l NaCl, 0.721 mM/l CaCl 2 , 0.643 mM/l K 2 SO 4 ), prepared after literature data from high-purity salts and degassed distilled water [24] . The conductivity of the mixture is 0.206 S/m at ambient conditions. For the experiment, the fluid is stored in Teflon-lined reservoirs with a total capacity of 4 l. To minimise the oxygen content of the brine, it was flushed with nitrogen for 24 h and then put under nitrogen pressure to avoid corrosion of the flow through unit and the input of any impurities.
First results
The electrical resistivity of a synthetic Krafla fluid was measured in a new flow-through cell for increasing temperatures ranging between 23 -380 • C at a constant fluid pressure of 23 MPa. The critical point of pure water occurs at 374.21
• C and 22.12 MPa. Phase diagrams of water and H 2 O-NaCl systems show that phase transitions in pure substances are sensitive to the presence of solutes [e.g.25]. Hence, for the Krafla fluid, containing minor amounts of various salts, the temperature and pressure of the critical point tend upward. We assume the achievement of critical temperature in the measuring cell, when the electrical resistivity increases abruptly to the 2.5-fold within a few seconds.
The results of the resistivity measurements are plotted in Fig. 2a . First, the resistivity decreases with increasing temperature to a minimum at 240
• C and increases slightly for temperatures between 240 -350 • C. This behaviour is also reflected in the conductivity of the percolated fluid, released at room temperature from the relief valve. For exposure temperatures lower than 250
• C the conductivity of the percolated fluid shows no changes with regard to the original fluid conductivity of 0.206 S/m, while for fluids exposed to 370
• C a marginal reduction in fluid conductivity to 0.202 S/m is observed (Fig. 2b) . Above the critical point, which is shifted minor from 374.21 to 374.6
• C, the fluid resistivity in the hot zone rises abruptly. This is accompanied by a considerable reduction of fluid conductivity down to 0.175 S/m measured for the fluid collected at the outlet valve. Obviously, the residence time of the fluid in the measuring cell is a vital factor for the loss of charge carriers. At two measuring points the flow rate has been varied from 0.1 ml/min: a lower fluid conductivity has been obtained for a flow rate of 0.05 ml/min, which increases the residence time from approximately 5.5 minutes to about one hour, while for a flow rate of 0.3 ml/min at 378
• C a slightly higher conductivity was measured. After finishing the heating cycle the furnace and the cooling jacket were switched off and the resistivities have been determined for decreasing temperatures at a constant fluid pressure of 23 MPa, though without fluid flow. Down to 100
• C the cell cools off rapidly and no hysteresis was observed between heating and cooling cycles. At lower temperatures the cooling slows down considerably and the resistivity of the cooling fluid becomes significantly lower. This is probably attributed to the successive dissolution of salt precipitates at relative constant temperatures in measuring cell.
Discussion
The experiment demonstrated the reliability of a new flow-through resistivity measuring cell for high-temperature applications up to supercritical conditions. For the Krafla fluid, a diluted aqueous solution of NaCl, CaCl 2 , and K 2 SO 4 , the critical temperature is shifted only marginal, as for a temperature of 374.6
• C resistivity measurements indicate supercritical conditions. Generally, our measured data are in good agreement with those reported by Quist and Marshall [8] for a 0.01492 molal aqueous NaCl solution obtained for static conditions (without fluid flow). Slight deviation from literature data are observed and may be primarily due to variations in the fluid chemistry and electrolyte concentration. Nonetheless, short test sequences with flow rate variations suggest more pronounced deviations from the pure NaCl system for flow rates > 0.1 ml/min.
Following the interpretation of Quist and Marshall [8] and Ucok et al. [15] the temperature dependent decrease in fluid resistivity is controlled by a complex interaction of changes in viscosity, density, and dielectric permittivity of the solution. Up to 300
• C the viscosity of water decreases sharply and causes a rapid increase in ion mobility and hence the decrease in electrical resistivity. At higher temperatures the viscosity reduction subsides considerably. Therefore, ion mobility does not increase as rapidly as observed at lower temperatures. Moreover, thermal expansion, accompanied by a decrease in the isobaric density of the solution, reduces the number of ions per unit volume and counterbalances the effect of ion mobility. Also, the dielectric constant decreases with decreasing fluid density, promoting the association between oppositely charged ions and the precipitation of salt. This effect is intensified when reaching the critical point, as for a relatively low pressure of 23 MPa, applied to the fluid in this, study the density decreases rapidly and causes a sharp increase in resistivity.
The residual solubility for NaCl at the critical point is in the order of 100 mg/l [26] . Taking into account the Krafla fluid contains 900 mg/l NaCl + 112 mg/l K 2 SO 4 + 80 mg/l CaCl 2 , there is a noticeable potential for salt precipitation. The removal of charge carriers due to the precipitation of salt is a reasonable explanation for the observed decrease in conductivity measured in the fluid collected at the outlet. This assumption is supported by precipitates, which are found at the corundum capillaries and in the measuring cell, itself. Partly, the precipitations were dissolved in the cooling fluid and cause then a lower resistivity compared to the fresh fluid during heating up. For the future, experiments with different flow rates (exposure times of the fluid in the hot zone) will allow deriving information about the association kinetics of supercritical fluids, which will help to model geothermal systems. Additionally, a full analysis of fluid chemistry will be performed to detect possible changes in the fluid composition.
